Current chemotherapeutic approaches for cancer are in part limited by the inability of drugs to destroy neoplastic cells within poorly vascularized compartments of tumors. We have here systematically assessed anaerobic bacteria for their capacity to grow expansively within avascular compartments of transplanted tumors. Among 26 different strains tested, one (Clostridium novyi) appeared particularly promising. We created a strain of C. novyi devoid of its lethal toxin (C. novyi-NT) and showed that intravenously injected C. novyi-NT spores germinated within the avascular regions of tumors in mice and destroyed surrounding viable tumor cells. When C. novyi-NT spores were administered together with conventional chemotherapeutic drugs, extensive hemorrhagic necrosis of tumors often developed within 24 h, resulting in significant and prolonged antitumor effects. This strategy, called combination bacteriolytic therapy (COBALT), has the potential to add a new dimension to the treatment of cancer.
D
espite enormous progress in understanding the pathophysiology of neoplasia, advanced forms of cancer remain recalcitrant to treatment. Although the basis for this failure is complex, one reason is that most tumors contain large, poorly vascularized areas that limit the efficacy of radiation and chemotherapeutic drugs (1) . The poorly vascularized regions are less sensitive to ionizing radiation because its cell-killing effects depend on oxygen; they are less sensitive to chemotherapeutic drugs because drug delivery to these regions is suboptimal. Because a cancer therapeutic agent must not leave significant clusters of viable cells within any lesion to achieve a clinically meaningful effect, the poorly vascularized regions of tumors represent a major obstacle to effective treatment.
One of the most important recent developments in tumor biology is the recognition that neoangiogenesis is essential for the growth of tumors to clinically meaningful sizes (2) . What is less well recognized is that this neoangiogenesis often does not keep pace with the growth of the neoplastic cells, resulting in large necrotic areas composed of dead or dying cells. For example, we found that each of 20 randomly selected liver metastases Ͼ1 cm 3 in size contained relatively large avascular regions, in general constituting 25-75% of the tumor mass ( Fig.  1) . Importantly, cells adjacent to these necrotic areas are poorly vascularized and likely to be difficult to treat with conventional agents.
In the work described here we attempted to exploit the fact that necrotic regions exist only within tumors and not in normal tissues. We wished to develop a toxic agent that could be specifically delivered to these areas and, in theory, could kill surrounding viable tumor cells. We chose to investigate anaerobic bacteria for this purpose. It has been recognized for half a century that such bacteria could selectively proliferate in the hypoxic regions of tumors (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Clever strategies for potentially exploiting such bacteria for diagnostic and therapeutic purposes have been devised, although relatively little work in this area has recently taken place. We hoped that a systematic screen for appropriate anaerobic bacteria that could kill tumor cells adjacent to the poorly vascularized regions, rather than just localize to such regions, would rejuvenate interest in this approach. Furthermore, we hoped that chemotherapeutic agents that killed the well vascularized regions of tumors, when administered in conjunction with appropriate bacteria, would result in the destruction of a major proportion of neoplastic cells within the tumors. Our progress toward realizing these goals is described below.
Materials and Methods
Bacterial Strains and Growth. The bacterial strains tested in this study were purchased from the American Type Culture Collection and are listed in Table 1 . All bacteria except Lactobacilli were grown anaerobically in liquid cultures at 37°C in Reinforced Clostridial Medium (RCM) (Difco). Lactobacilli were grown in Lactobacilli MRS broth (Difco). Intravenous injections of bacteria generally included 5 ϫ 10 7 bacteria suspended in 0.5 ml Dulbecco's PBS (Life Technologies). Mice that received injections of Bifidobacteria were also given i.p. injections of lactulose daily for 5 days to increase bacterial growth (16) . Intratumoral injections of bacteria generally included 1 ϫ 10 7 bacteria suspended in 0.1 ml of PBS.
spores were heated at 70°C for 15 min to inactivate the phage carrying the toxin (20, 21) . The spores were then plated on reinforced clostridial medium agar and incubated anaerobically at 37°C for 48 h. Isolated colonies were cultured in liquid RCM for another 24 to 48 h and then tested for the presence of the lethal toxin gene by PCR. concentration in PBS and then administered by i.v. injection in a volume of 500 l. CTX and MMC were diluted in PBS and then given by i.p. injection in a volume of 500 l. Tumor growth was assessed by measuring the size of the major and minor axes of s.c. tumors every 2 and every 4 days for B16 and HCT116 tumors, respectively, using calipers. Tumor volume was then calculated by using the equation length ϫ width 2 ϫ 0.5.
Results
Choice Of Bacterial Species. From previous studies it was clear that species of anaerobic bacteria could grow within the hypoxic regions of tumors. An example is provided by Bifidobacterium longum, which, when injected intravenously into mice with s.c. tumors, grew specifically and robustly within the tumors but not within normal tissues (16, 17) . Gram stains of sections of the tumors, however, revealed that most bacteria were tightly clustered within colonies rather than distributed throughout the necrotic regions ( Fig. 2 A and B) . As we considered dispersion of the bacteria essential to achieve the desired effects, numerous anaerobic species of three different genera were tested in an effort to find one(s) exhibiting this phenotype (Table 1) . For this purpose, Bifidobacterium and Lactobacillus strains were injected intravenously, whereas Clostridium strains, which are generally highly toxic when injected intravenously, were injected directly into tumors. Among the 26 strains listed in Table 1 , only two (C. novyi and C. sordellii) exhibited extensive spreading throughout the poorly vascularized portions of the tumors (data not shown). Although this spread was undoubtedly facilitated by the motile nature of these two species, other motile anaerobic bacteria, including other Clostridium strains, did not exhibit this property when tested under identical conditions.
Infiltration of the Tumor Mass Following i.v. Injection of C. novyi
Spores. For an experimental therapy to represent a potentially viable tool for the treatment of disseminated cancers, it must have the capacity to be delivered systemically rather than through local, intratumoral injection. Although live bacteria are often toxic when injected intravenously, it has been shown that bacterial spores are nontoxic to normal animals. Accordingly, we found that large numbers (up to 10 8 in a volume of 500 l) of C. novyi and C. sordellii spores could be injected intravenously into normal mice without causing any noticeable side effects. When intravenously injected into mice with s.c. B16 tumors, however, C. novyi bacteria floridly germinated within the tumors within 16 h (Fig. 2C) . In contrast, no germinated bacteria were observed in the liver, spleen, kidney, lung, or brain of these mice (data not shown). Similar results were observed after i.v. injection of C. sordellii spores (data not shown).
Genetic Modification of C. novyi. Although C. novyi and C. sordellii spores both had the capacity to grow within tumors and kill some surrounding tumor cells, there was at least one ''small'' problem encountered with this experimental treatment: 16-18 h following the initiation of treatment, all of the mice died. We suspected that the cause of death was the release of potent lethal toxins from the bacteria germinating within the tumors. Indeed, other anaerobic bacterial spores have proved highly toxic to animals and humans following germination within the anaerobic environments present in tumors or wounds, and the resultant mortality was shown to be due to specific secreted toxins (22) (23) (24) (25) (26) .
To mitigate systemic toxicity, we attempted to eliminate the lethal toxin gene from C. novyi. We chose C. novyi rather than C. sordellii for this purpose because the latter has two homologous toxin genes (27) rather than one and because the single C. novyi toxin gene is located within a phage episome (20, 21, 28) . Bacteria were heat treated to induce loss of the phage and inoculated onto agar plates. Of 400 bacterial colonies screened, three were observed to have lost the toxin gene when assessed by PCR using toxin gene-specific primers (examples in Fig. 3 ). Phospholipase C, a C. novyi gene contained within the bacterial rather than the phage genome (29), served as control for this PCR experiment. One clone, named C. novyi-NT, that had lost the toxin gene was selected for further analysis.
Destruction of Tumor Cells Following Injection of C. novyi-NT Spores.
C. novyi-NT spores devoid of the lethal toxin were injected intravenously into mice with tumors. These spores retained their capacity to germinate within tumors and resulted in greatly Fig. 3 . Elimination of the lethal toxin gene from C. novyi. Following heat shock, PCR was performed on DNA from colonies to identify those which had lost the lethal toxin gene on the phage episome. Agarose gel electrophoresis of the PCR products with two independent primer sets (ToxA and ToxB) shows results from a C. novyi clone (C. novyi-NT) that had lost the gene and another clone (indicated as ''C. novyi'') that retained the gene. Controls were provided by primer sets (PlcA and PlcB) specific for the C. novyi phospholipase C gene demonstrating the integrity of the DNA templates in all reactions. expanded areas of necrosis (Fig. 4 A vs. B) . However, these spores, unlike those of their parents, were nontoxic when injected alone, with no ill effects generally observed after injection of up to 10 8 spores into mice with tumors. In contrast, all mice died after injection of 5 ϫ 10 7 parental C. novyi spores into mice with tumors. Growing bacteria could be observed throughout the much-enlarged necrotic regions of tumors after injection of spores (data not shown). The enlargement of the necrotic regions was apparently due to the destruction of viable tumor cells adjacent to the original necrotic regions by the bacteria. Indeed, a bacterial ''film'' (30) was routinely observed at the interface between the necrotic area and the remaining viable rim of the tumor, as if the bacteria were destroying the viable tumor cells and using its degradation products as nutrients (data not shown). This tumor infiltration effect was similar to that observed with wild-type C. novyi bacteria (Fig. 2D) .
Combination Therapy. As noted in the introduction, we hoped to combine a bacterial agent with more conventional chemotherapeutic agents in an effort to attack the tumors from both the inside and outside, respectively. Following preliminary investigations with several such agents, we concentrated on two classes: (i) DNA damaging agents, such as MMC and CTX, that selectively kill tumor cells, and (ii) agents that appear to partially collapse tumor vasculature, such as flavone acetic acid derivatives and microtubule binding agents (31, 32) . The latter class of agents has been shown to be able to interfere with proper circulation through the tumors and thereby trap large molecules, such as antibodies or bacteria, that have gained access to the tumor tissue (33) (34) (35) . Among flavone acetic acid and the microtubule-binding agents tested (including vinblastine, vincristine, colchicine, combretastatin A-4, and D10), D10 appeared to have the most pronounced effects and was chosen for further experimentation.
Xenografts of the colorectal cancer cell line HCT116 were used to test the effects of this combination therapy in nude mice because the tumors could easily be visualized under the hairless skin. As shown in Fig. 5 , sequential treatment with C. novyi-NT spores, D10, and MMC resulted in dramatic effects on large s.c. tumors, easily observable through the skin. Twenty four hours after the injection of C. novyi-NT spores, the tumor mass swelled and became edematous (Fig. 5A) . Six hours after receiving D10, a black spot developed near the center of the tumor, representing an area of hemorrhagic necrosis. This spot expanded in size and within 24 h often completely enveloped the tumor (Fig. 5A, 1  day) . Hematoxylin͞eosin (H&E) staining of sections of these tumors revealed extensive destruction of the tumors, often accompanied by infiltration of inflammatory cells (data not shown). These necrotic masses then shrank over a period of 2-4 weeks (Fig. 5A, 14-30 days) . In many mice, these necrotic masses eventually dissolved and disappeared, leaving the animals tumor-free ( Fig. 5B; quantified below) . Similar, although less dramatic, results were observed following the sequential treatment with C. novyi-NT and D10 (without MMC), but never with D10 and MMC in the absence of C. novyi-NT and rarely with C. novyi-NT alone.
The dramatic antineoplastic effects of this combination bacteriolytic therapy (COBALT) were associated with significant toxicity. Approximately 15% of animals with tumors of 350 mm 3 in size died within 24-72 h of receiving COBALT. This toxicity was clearly related to the size of the tumors, because Ϸ45% of animals with larger tumors (Ϸ700 mm 3 ) died. Deaths were not observed after administration of C. novyi-NT spores alone or with chemotherapy alone. Although the reason for the deaths of these animals was not clear, they may have been due to tumor lysis syndrome, a phenomenon previously observed in the clinic when large tumor burdens are rapidly destroyed by antineoplastic agents (see Discussion).
The antineoplastic effects of COBALT were quantified in the experiments shown in Fig. 6 . Animals with relatively large s.c. HCT116 tumors (starting tumor volume Ϸ700 mm 3 ) were treated with drugs alone (D10 plus MMC) or C. novyi-NT spores plus the drugs. As can be seen in Fig. 6A , the drugs alone slowed the growth of the tumors, although the tumors continued to grow and the animals had to be killed at 10-14 days, when tumor weights exceeded 10% of body weight. The addition of C. novyi-NT spores dramatically enhanced the effects of treatment, with tumors actually shrinking rather than simply slowing. In the experiment shown in Fig. 6A , seven of eight animals had dramatic tumor regressions after only one administration of COBALT, and four of the five animals that survived the therapy were completely cured, with no evidence of tumor regrowth after a further three months time. Significant tumor shrinkage was also seen when mice were given sequential treatment with C. novyi-NT spores plus D10 (Fig. 6B) . However, there was no long-term tumor-free survival and the treatment had to be repeated once every 2 weeks unless the full combination, including MMC, was included. This repetition was associated with additional toxicity, including deaths of Ϸ15% of animals with each dose. The full COBALT regimen was therefore preferred on the basis of increased efficacy and reduced overall toxicity.
To determine whether COBALT would affect other tumor types, we treated C57BL͞6 mice with large syngeneic B16 tumors. In this case, CTX was substituted for MMC, because B16 tumor cells were more sensitive to CTX than to MMC. The drugs alone had some antitumor effects, as expected, although the tumor continued to grow in size and the animals had to be killed within 1 week after beginning therapy (Fig. 6C) . C. novyi-NT spores considerably enhanced these effects: the tumors were observed to shrink rather than simply enlarge at a slower rate (Fig. 6C) . D10 plus C. novyi-NT spores (without CTX) had significant antineoplastic effects on B16 tumors, but the addition of the tumor cytotoxic agent (CTX) further enhanced the efficacy of COBALT (Fig. 6C) . In the B16 tumor model, maintenance COBALT (once weekly) was required to keep the tumors from regrowing, whereas with HCT116 cells a single treatment cured about half the mice.
Discussion
The results recorded above show that COBALT can result in rapid and dramatic regressions of experimental tumors in mice. Even relatively large tumors could be treated successfully with COBALT, although tumors of the size used in our experiments do not generally respond well to chemotherapeutic agents (Figs. 5 and 6).
It is also clear that many questions remain. For example, the basis for the potent tumor cell killing in the vicinity of the germinating bacteria is not understood. We found that many other bacterial strains could germinate within the necrotic regions of tumors but did not exhibit this potent cytotoxic activity. This killing is clearly not due to the lethal toxin gene of C. novyi, because this gene was deleted in the C. novyi-NT strain used in COBALT. It will be interesting in the future to determine which of the C. novyi-NT genes are responsible for these tumor cytolytic effects.
Another point of interest was that an agent acting on the vasculature (D10) considerably enhanced the ability of C. novyi-NT spores to lyse tumors. Presumably, the vascular collapse further lowered the oxygen tension near the trapped bacteria and thereby increased the potential for bacterial growth. Indeed it has been demonstrated that vascular collapsing agents can increase the germination of bacterial spores in tumors (33) . D10 was given after the bacterial spores rather than before injection with MMC (4 mg͞kg) at 48 h. Control groups were given no treatment or treated with D10 plus MMC without spores. Each group consisted of six to ten mice. Animals were killed when their tumors exceeded 10% of body weight. In the experiment shown, seven of eight mice treated with a single dose of COBALT developed a striking hemorrhagic necrosis of their tumors within 24 h after administration of D10. Four of these seven mice were cured, whereas three of the mice died three days after treatment, perhaps from tumor lysis syndrome (see Discussion). One mouse developed less extensive necrosis and its tumor eventually regrew. Only mice that survived treatment were used to obtain the data plotted in the graph. (B) Mice were treated as in A, except that MMC was not used and treatments were given once every 2 weeks. (C) B16 melanoma cells were grown as s.c. syngeneic tumors in C57BL͞6 mice. When the tumors were Ϸ700 mm 3 in size, the animals were injected intravenously with 5 ϫ 10 7 C. novyi-NT spores (time 0), followed by i.p. injection with CTX (100 mg͞kg) at 6 h and i.v. injection with D10 (0.3 mg͞kg) at 24 h. Other groups were given no treatment, CTX plus D10, or spores plus D10. Each group consisted of at least ten mice and the treatments were repeated at weekly intervals. Four mice died after the first dose of COBALT and only those mice that survived treatment were used to obtain the data plotted in the graph. Animals were killed when their tumors exceeded 10% of body weight.
because we believed that partial vascular collapse before spore administration might have a deleterious effect on spore delivery. This belief was based on the fact that other vascular collapsing agents, such as 5,6-dimethylxanthenone-4-acetic acid and combretastatin A-4, have been shown to exert their effects in combination with radioactively labeled antibodies only when administered after, and not before, the antibodies (34, 35) .
Several obstacles remain before COBALT can be realistically considered for clinical trials. For example, the range of tumors in which COBALT might be successful has not yet been addressed. Although the first two tumor models we investigated (xenografts of HCT116 colorectal cancer cells and syngeneic B16 melanoma cells) were effectively treated, preliminary experiments show that not all tumors are equally susceptible to COBALT. Greater understanding of the basis for C. novyi-NT tumor cell killing should provide insights into this issue. Additionally, different tumor types may require different chemotherapeutic agents to achieve maximal effects in combination with C. Novy-NT. Another issue concerns the size of the tumors to be treated. They must be large enough to have outgrown their blood supply and contain necrotic regions. We do not believe this factor will be limiting for many human tumor situations, as the great majority of clinically apparent human tumors contain large necrotic regions (Fig. 1) . However, micrometastatic disease might not be suitable for COBALT. At the other end of the spectrum, COBALT-mediated lysis of large tumors was associated with significant toxicity. Although the basis for this toxicity
is not yet known, it could have been due to efflux of toxic bacterial products from the tumors or due to ''tumor lysis syndrome.'' It has previously been noted that the rapid lysis of very large tumor burdens is associated with systemic toxicity in humans treated with chemotherapy, perhaps due to the sudden efflux of tumor cell metabolites, such as calcium, phosphate, and uric acid, into the circulation (36) . Although tumor lysis syndrome can be controlled in humans, it is difficult to control in mice. Any therapy which dramatically shrinks tumors may be subject to this side effect.
One of the encouraging observations made in our study is that a subset of tumors completely regressed after even a single dose of COBALT. Additionally, the C. novyi-NT spores themselves were completely nontoxic to normal mice. The COBALT concept could easily be extended and improved, with different combinations of chemotherapeutic agents to suit particular tumor types. Additionally, it may be possible to genetically manipulate the C. novyi-NT to enhance their potency or selectivity. Further studies along these lines seem warranted.
